Cement slurries are used for the construction of oil wells as deep as 30,000 ft (9,000 m).
Problem Statement
Primary cementing is a practical problem in petroleum engineering. It is the process of placing cement between the casing and the borehole of a well, primarily to seal the annulus and to isolate different zones. The hardened material is typically very brittle. In order to improve its fracture toughness, it can be reinforced with fibers. However, such fibers may impair the pumpability of the slurry. Thus, it is important to have available mathematical tools to simulate the rheology of fiber-reinforced cement slurries at the high temperatures encountered downhole.
Flow of Fiber-Reinforced Cement Slurries
Cement slurries used in cementing operations usually exhibit shear-thinning behavior and belong to a class of time-independent, power-law, non-Newtonian fluids with the flow behavior index less than 1. The presence of fibers affects the fluid flow, which in turn affects the fiber orientation, i.e., these two effects are coupled. Constitutive theories for fiber suspensions in the case of dilute suspensions in Newtonian fluids are well developed. However, because of their complexity, they are difficult to apply to practical problems. Moreover, most pertinent studies addressed either only the mechanical or rheological properties, not both together, and usually ignored the effects of temperature.
The model presented herein was calibrated against our own experimental test results. A numerical solution using finite elements was used to determine the velocity profiles of the fluid flowing through an eccentric annulus subjected to high temperatures.
Because of the coupling between fluid flow and fiber orientation, it is necessary to quantify the changes of flow-induced fiber orientations with time. One possible representation is a statistical distribution function for fiber orientation, whose value for a given orientation gives the probability that a fiber has that particular orientation. That approach may require computations at a large number of points to track the evolution and spatial variation of this quantity. A more efficient approach is to use a set of orientation state tensors with implied simplifications of the statistical distribution function [1] [2] [3] . It has the advantage to characterize the fiber effect in an average and deterministic way.
Furthermore, the orientation tensors are continuum quantities and hence can be easily incorporated into the constitutive equations. The second-order orientation tensor 2 a is defined by
where
is the orientation distribution function and p the orientation vector of a fiber. The eigenvalues and eigenvectors of a 2 give the degree of orientation along these directions. a 2 is symmetric and its trace is equal to unity. Under certain assumptions, the motion of a fiber in a Newtonian flow can be described by Jeffery's equation [4] ,
where d is the deformation rate tensor, ϖ ϖ ϖ ϖ is the vorticity tensor, and λ is given by 
where η is the viscosity of the suspending Newtonian fluid and φ the fiber volume fraction. µ is a material constant, which for high fiber aspect ratios reduces to
The fourth-order orientation tensor 4 a will be approximated by second-order orientation tensor 2 a using a closure approximation [3] , and η will be replaced by the power-law equivalent viscosity
Experimental studies [6, 7] showed that compared to temperature effects, pressure effects can be neglected and that the rheological properties remain unchanged at elevated temperatures except for changes in material constants. The rheological parameters n and k for the power-law fluid were determined in a concentric viscometer following API specifications at five different temperatures. Both n and k were assumed to be quadratic functions of temperature and determined by a regression analysis.
Numerical Implementation
In addition to the Eqs. (2) and (3), the motion of an incompressible continuum is governed by the continuity equation and the momentum balance:
where u is the velocity vector, ρ the fluid density, and p the isotropic pressure. T is the extra stress and denotes the material derivative. 
